We analyze the design requirements for 40 Gbit/s wireless generation and detection in the millimeter-wave band, combining baseband optical I/Q modulation and coherent detection with wireless optical heterodyning generation and single-side band electro-optical modulation.
Introduction
Photonics methods for the generation and detection of high speed wireless signals are gaining much attention due to the high capacity that optics can provide [1] [2] [3] . The use of high carrier frequencies, such as in the 75 GHz -110 GHz band, could potentially provide very high capacity wireless links as there are several GHz of available bandwidth. Recently the use of the baseband optics for the generation and detection of high speed microwave signals in the 100 GHz band has been demonstrated to enable over 32 Gbit/s and high spectral efficient modulation formats [2] . The key technologies are, at the transmitter side, the use of advance modulation formats (QPSK, m-QAM) for the generation of high capacity and spectral efficient baseband optical signals. At the receiver side, the use of coherent detection assisted with digital signal processing (DSP) enables the compensation of link impairments, such as laser beating, filtering, etc. Based on the robustness of the receiver, the generation of the microwave signal can be realized by optical heterodyning the optical signal with a second laser source. In the reception, the microwave signal is re-modulated in the optical domain. By optical filtering the side-band generated, the signal is converted back to baseband, where standard coherent detection is applied for demodulation.
In this paper we evaluate the performance of the optical components for the generation and detection of microwave signals to establish the engineering rules for the link design. We have evaluated the performance for 10 Gbaud QPSK and 16QAM for a maximum bitrate of 40 Gbit/s at 100 GHz RF carrier frequency. We have studied the influence of the linewidth of the lasers, optical signal-to-noise ratio (OSNR), response of the transmitter photodiode, linearity of the optical modulator, as well as electrical amplifier non-linear distortion. Fig. 1 Experimental set-up for generation and detection of optical generated wireless signal for millimeter frequency band.
Principle of optical transparent generation and detection of wireless signals
The block diagram of optical transparent generation and detection of wireless signal is shown in Fig. 1 . At the transmitter central office (CO), an optical I/Q modulator is used to generate a high bitrate baseband signal centered at λ 1 . This signal transported to the Antenna Base Station (BS) together with a second continuous wave laser source at a wavelength λ 2 . The beating of the two optical signals at the photodiode in the BS creates an electrical signal at the frequency defined by the difference of the two wavelengths of the lasers. The received wireless signal is optically modulated using a high speed Electro-Absorption Modulator (EAM) or Mach-Zehnder Modulator (MZM). The optical side-band containing the information is narrow filtered, to create Single-Side Band (SSB) architecture. This signal is transmitted to the CO and detected using coherent detection and DSP.
The performance of the system in the generation and especially in the detection is degraded due to impairments in the optical and electrical domain. From the optical domain, the beating of the four lasers in the system results in stringent requirements on the linewidth of the lasers, increasing also the complexity of the DSP carrier-phase recovery. Secondly, the photodiode at the transmitter antenna can induce distortion in the generation of the wireless signal, by the non flat response at high microwave frequencies. It should also be capable to support high optical power, so transmitter RF amplifier can be removed. Thirdly, single-side band modulation of the optical signal at high carrier frequency results in a low electro-optical efficiency, requiring high optical amplification and as a result low OSNR. The modulator design should be optimized to improve modulation index and have also a flat response in the microwave band. From the electrical domain, the wireless link losses can be tremendous, requiring a low-noise linear RF amplifier after the receiver antenna, which is very challenging with current technology. 
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Requirements for the detection of the optically generated wireless signal
The system described in the previous section has been simulated using Matlab and VPI transmission maker based on the experiments from [2, 3] . A single carrier QPSK and 16QAM system has been simulated at 10 Gbaud for 100 GHz RF frequency generation and detection. The algorithms of the demodulation consist on Constant-Modulus Algorithm (CMA) blind equalization, decision-based carrier-phase recovery and symbol mapping [2, 4] . In Fig. 2 are shown the BER results as a function of OSNR and linewidth for QPSK and 16QAM. OSNR of 11 dB is required to achieve BER below 10 -3 , with only 1 dB penalty from 100 kHz to 1 MHz linewidth lasers and no penalty from Back-to-Back (B2B) baseband detection to RF generation and detection. For 16QAM modulation format, 100 kHz linewidth lasers requires an OSNR of 19 dB for both cases. For 500 kHz linewidth lasers 3 dB higher OSNR is required for RF generation and detection. For 1 MHz linewidth lasers the performance shows an error floor due to the failure of the carrier-phase recovery algorithm to track the fast phase drifts of the lasers. In the experimental validation demonstrated in [2] , shown in Fig. 2b ) for 10 Gbaud QPSK with 100 kHz linewidth lasers, the experimental BER results are plotted with respect to the optical power of the SSB received signal. The maximum experimental received power was -46.5 dBm with +10 dBm RF power to the modulator, meaning low modulation efficiency. To increase the received optical power, pass-band design of the modulator, matched for 100 GHz band, as well as a higher maximum optical power into modulator will be required.
Evaluation of the linearity of the Single-Side Band modulator
The performance of the system has been evaluated for two different modulators, EAM and MZM to perform the optical modulation of the detected microwave signal. The approach used in [2] is an EAM, which has high modulation bandwidth (>80 GHz). Both modulators have been simulated and the performance has been evaluated for different modulation indexes (MI). Fig. 3 shows their performance for QPSK and 16QAM at an OSNR of 11 dB and 20 dB respectively (BER ~10 -3 ) for the case of MZM 3a) and EAM Fig. 3b) . A MZM shows a constant degradation for high MI, being more severe for 16QAM. For the EAM, an abrupt distortion is shown once the microwave signal enters in the saturation of the EAM. The use EAM is the only possible solution based on the current technology to achieve higher bandwidths. However, if the progression of MZM technology scales towards millimeter wave, it would be the preferred option due to higher linearity for low MI and higher maximum optical power capacity [6] . In Fig. 3 c) it is shown the influence of the photodiode filtering at the transmitter antenna station based on n-order Butterworth. The influence of high order filtering degrades the signal generation, when equivalent filtering order is over 3 (18 dB per octave). Thus, match design of the photodiode for millimeter wave frequencies is required for the generation of high capacity wireless signals.
To test the performance in terms of linearity of the RF amplifier prior the SSB modulation, we have simulated a 3 rd order non-linear distortion amplifier model, quantified in terms of Interception Point of 3 rd order (IP3). The penalty of the amplifier for low IP3-to-RF signal power ratio is higher for 16QAM, with negligible difference for QPSK. This is due to the constant modulus of QPSK, which is less non-linear sensitive than 16QAM, and the CMA blind equalization capabilities. The distortion of the wireless 16QAM signal, due to this non-linearities results in non-squared constellation shape, especially significant in the outer symbols, which can be seen in fig. 3 f) . To improve the performance in terms of BER, a modified decision algorithm based on k-means has been applied [5] . The algorithm consists on recursive adaptation of the 16QAM centroids from the statistics of the received symbols. In Fig. 3 e) 
Conclusions
We have analyzed the requirements for the generation and detection of high speed wireless signals using optics. We have studied the requirements for the design and implementation of a 100 GHz wireless system for the generation a detection of up to 40 Gbit/s high-order modulation format signals (QPSK and 16QAM) using optics. The results show the feasibility of the system for achieving high bitrates wireless transmission, but limitations of the electrical and optical components, such as photodiode, modulators and lasers, will decrease the performance of this type of systems, especially when wireless transmission would be implemented. Towards real-time implementation, this architecture could use the receivers developed for real-time coherent baseband, with minor adaptation, as standard baseband algorithms have been applied for the demodulation of the detected microwave signals.
